. The results are precise, r.s.d. < 9%; spiked sample recoveries within 91.2 and 109% are found.
Introduction
Sequential-injection analysis (SIA) 1 was proposed to simplify flow-based analytical procedures, because different analytical applications could be implemented in the same sequential injection system without multiple manifold re-configurations. The analyzer is controlled by means of a microcomputer and a multi-port valve linked at a bi-directional pump that allows one to select different solution volumes and direct them to different manifold components. An analogy between the SIA system and the human body can be made, where the microcomputer is the brain, the pump is the heart, the multi-port valve can be considered the arms together with the hands, and the tubes are the arteries where contaminants can not enter. In other words, the tubes are the "clean room". With the sequential injection system, the injected volumes, residence times, solution deliveries and analytical paths are selected based on a valve timing sequence and selected flow rates. Normally, defined volumes of the reagents and sample are selected and aspirated to a holding coil and, the processed sample zone is then directed towards the detector by reverting the flow direction. During the sample zone travel, dispersion occurs; this process is fundamental for reagent/sample mixing. It should be stressed that the use of a pulseless pump is very important, because the solutions selected volumes are based on the flow rate and the time interval.
The association of sequential injection analysis 1 and solidphase spectrophotometry 2 leads to the bead injection concept, 3 which is based on the introduction and trapping of functionalized beads in the flow conduits. The presence of a solid phase in the sequential injection system contributes to some new characteristics of it; among them, two properties should be emphasized: the solid phase acts as a solid-phase extractor, because the analyte is absorbed on the surface of beads and can be separated from the sample; 4 also, its action as solid-phase reagent because the absorbed species react with the bead surface, thus promoting a physical change in it that can be monitored by using an adequate detector. For this last task, it is sometimes necessary to add an auxiliary reagent. 5 The surface of the beads can be renewed after each cycle, avoiding a loss in the retention efficiency. These above-mentioned characteristics lead to an ideal analytical method because the analyte can be determined in the absence of the sample matrix, thus improving the selectivity, whereas the analyte present in the sample can be concentrated in the solid phase and a simple variation on the injected sample volume becomes possible to obtain an analytical method with a variable analytical range, since the amount of analyte retained on the beads surface depends on the selected sample volume. This characteristic leads to a very nice situation, where the sample injected volume can be decreased when the analyte concentration in the sample is high, or the sample-injected volume can be increased if the analyte concentration in the sample is low. The Achilles heel of the proposal is that is an analytical challenge to obtain or synthesize a solid phase that under specific conditions can be applied to the separation, concentration and determination of the chemical species that we are interested in. Bead injection has been exploited for biotechnology assays [6] [7] [8] A bead-injection system is proposed for total mercury determination in river-water samples. The procedure is based on the introduction of a defined quantity of a resin suspension in the flow system. The selected beads are packed inside of a flow cell and the formed resin mini-column constitutes the optical path. The sample volume is then selected, and its passage by the mini-column allows retention of the mercury ions on the surfaces of the beads. The introduction of a spectrophotometric reagent in the flow system leads to the formation of a colored Hg-dithizone complex on the surface of the bead, which is spectrophotometricaly monitored. The spent beads are directed to waste, allowing the system to become ready to process another sample. The proposed system handles about 20 measurements per hour, consuming 1000 µl of the sample, 1 mg of Chelex 100 resin and 1.25 µg of Dithizone per determination. When 1000 µl of the sample is injected, a linear analytical curve is obtained (A = 0.0052[Hg] + 0.1028, from 0 up to 30 µg l -1 , R 2 = 0.995); the detection limit is estimated to be 0.9 µg l -1 determinations using commercial resins as beads, 5,9-11 indicating that mercury ions can be determined by exploiting a similar flow based procedure.
Various analytical methods have been proposed for mercury determination as atomic fluorescence spectrometry, 12,13 atomic absorption spectrometry, 12, 14 inductively coupled plasma-optical emission or -mass spectrometry, 12, 15, 16 stripping voltammetry, 12, 17 and X-ray fluorescence. 12, 18 Spectrophotometry has also been used for mercury determination; however, liquid-liquid or solidliquid extraction is required in order to enhance the method sensitivity of the method, making these procedures tedious and increasing the possibility of introducing errors in the analysis, mainly due to the excessive sample manipulation.
In this context, the present paper describes a sequentialinjection procedure for the on-line separation/preconcentration and spectrophotometric solid-phase determination of total mercury in river water samples. Mercury extraction and preconcentration are accomplished in the bead-injection system, without manual sample manipulation. An enhancement in the sensitivity is observed related to conventional spectrophotometric procedures due to the absence of dispersion permitted by the solid phase detection. Also, the analytical range of the proposed method can be improved by means of a simple increase in the selected sample volume.
Experimental

Reagent and solutions
The spectrohotometric reagent was a 0.005% (m/v) dithizone plus 2.5% (m/v) NH3 solution, prepared daily by dissolving 5 mg of dithizone up to 100 ml with a 2.5% (m/v) NH3 solution.
The mercury standard stock solution was a 1000 mg l A chelating resin suspension was prepared by adding 10 ml of deionized water to 0.25 g of Chelex 100 resin (sodium form, 200 -400 mesh) purchased from Bio-Rad. The suspension (Chs) was kept under mechanical agitation.
Samples
River-water samples were collected, stored in polyethylene bottles and preserved by the addition of ca. 1 ml of concentrated HNO3 per liter.
Before analysis, 100 ml of each sample was transferred to digestion tubes and evaporated almost to dryness. Then, 1 ml of concentrated HNO3 was added to the tubes and evaporated almost to dryness; the samples recovered in 0.014 mol l -1 HNO3.
Apparatus
The sequential injection system was a FIAlab-3000 (Alitea USA, Medina, WA), equipped with a UV-vis CCD spectrophotometer and a LS1 tungsten halogen light source (Ocean Optics Inc., Dunedin, FL) coupled to a tubular flow cell (optical path 10 mm, inner volume 20 µl) by a fiber optic cable of 400 µm. Reactors and transmission lines were built up with 0.8 i.d. PTFE tubes.
Procedure
The operation of the sequential injection system (Fig. 1 ) is shown in Table 1 and Fig. 2 . Initially, 40 µl of a resin suspension was aspirated to the holding coil, and then directed towards the flow cell, where the beads were packed inside the optical path. Then, a defined sample volume was selected and directed to the formed chelating resin mini-column, where the analyte was retained. An acidic solution (50 µl) was then aspirated and injected towards the resin mini-column, eluting the potential interferants.
Finally, 50 µl of the spectrophotometric reagent was selected and directed towards the flow cell. During passage of the reagent by the resin minicolumn, mercury ions were complexed by the dithizone, producing a colored complex on the surfaces of the beads. The variation in the absorbance signal, proportional to the analyte concentration, was monitored at 500 nm. The packed beads were then aspirated back to the holding coil and directed to the waste flask, located in a port of the selection rotary valve. The system was then ready to process a new sample. 
System optimization
The main relevant parameters, such as the measurement wavelength, reagent volume, composition and concentration, sample volume, chelating resin quantity and preconcentration and elution flow rates were investigated.
The wavelength for absorbance measurements was selected by evaluating the dithizone and complex Hg-dithizone spectra, obtained by processing the blank and the 100 µg l -1 standard solution.
The effects of preconcentration and reagent flow rates on the analytical signals were investigated by varying the sample flow rate between 5 and 50 µl s -1 and the reagent flow rate between 5 and 30 µl s -1 . In all other experiments, the reagent flow rate was fixed as 10 µl s -1 and the sample flow rate was fixed at 10 µl s -1 .
The influence of the reagent concentration on Hg-dithizone complex formation was evaluated by varying the dithizone and NH3 concentrations. For this task, a factorial experiment involving dithizone concentration and volume was performed in order to investigate their influence on analytical signals. The dithizone concentration was varied between 0.005 and 0.020% (m/v), while the pH was maintained with 2.5% (m/v) NH3, and the reagent volume was varied between 12.5 and 75.0 µl. Regarding NH3, the optimum concentration present in the spectrophotometric reagent was evaluated by using 0.005% (m/v) dithizone solutions in 0.625, 1.25, 2.50 and 5,00% (m/v) NH3.
Potential interferants as copper and lead were investigated by injecting mercury standard solutions containing 100 and 200 µg l -1 of each ion, followed by the injection of 50 µl of acidic solutions with concentrations between 0.014 and 0.140 mol l -1 HNO3.
The sample volume influence was verified by varying the 50 µg l -1 standard solution injected volume between 50 and 1000 µl. The influence of the amount of resin on the method sensitivity was investigated by varying the volume of Chelex 100 suspension introduced in the optical path between 20 to 50 µl.
Finally, the main analytical characteristics, such as the sampling frequency, reagent consumption, linear analytical range, precision and accuracy were evaluated by processing river-water samples in the system.
Results and Discussion
The SIA system proposed in the present paper exploits the beadinjection concept. For this task, a flow cell was designed in order to allow the retention of resin beads in the optical path, establishing a resin mini-column in it. In this way, one side of an optical fiber cable was linked at the light source and the other side was fixed inside the optical path of the flow cell in such a way that the resulting space between the cable and the flow cell walls was lower than the bead diameter. Thus, the beads were retained inside the optical path while the liquid solutions could flow away (Fig. 1) . After a signal measurement, the beads were aspirated back to the holding coil, and were then directed to the recovery flask. With the proposed strategy, solid-phase packing and absorbance measurements were easily attained without moving any part of the optical system. Furthermore, with the new flow cell, it was possible to couple the fibber optical cable inside of the optical path at different heights, thus obtaining different optical path lengths.
The best wavelength for the Hg-dithizone complex absorbance measurement was 500 nm. Because dithizone presents absorption on this wavelength and is partially retained by the Chelex 100 resin, the analytical signals were recorded as a difference between the absorption on 500 and 620 nm, which corresponds to ca. 0.1 absorbance values when the blank standard solution was processed.
Normally, the flow rate that the sample flows though the resin mini-column is also an important parameter concerning the sensitivity of methods involving resin preconcentration, because the flow rate determines the interaction time interval between the analyte and the resin. However, in the present work this factor was not predominant, probably due to the high affinity of the chelating resin by mercury ions. Thus, variations of the sample flow rate from 10 to 50 µl s -1 , produced only a slight decrease on the analytical signals (Fig. 3) . Small variations in the absorbance were also observed for flow rates lower than 10 µl s -1 . Considering these characteristics, the sample flow rate was fixed at 10 µl s -1 as a better compromise between the sensitivity and the analytical frequency.
The effect of the reagent flow rate on the analytical signals was more pronounced than the effect of the sample flow rate. This surprising results were probably associated with the fact that reagent flow rate determines the reaction time interval between dithizone and the retained mercury ions in the resin mini-column. Because the complex constant formation between Hg(II) and the Chelex 100 resin is too high, the reaction between Hg(II) and dithizone is not very fast when compared 1655 ANALYTICAL SCIENCES DECEMBER 2003, VOL. 19 Fig. 2 Sequence of events for the mercury preconcentration and determination in SIA system. 1, packing the beads; 2, the in-line packed mini-column; 3, packed beads are perfused by the sample; 4, packed beads are perfused by the acidic solution; 5, spectrophotometric reagent is propelled through the packed beads and the detector; 6, the spent beads are aspirated to holding coil; 7, the spent beads are directed to the waste flask. Of, optical fiber. For other symbols see Fig. 1 . with the same reaction in an aqueous solution. In this way, a decrease in the analytical signal was observed when the reagent flow rate was increased from 5 to 30 µl s -1 (Fig. 4) . For reagent flow rates higher than 20 µl s -1 , the analytical signals were not reproducible, and when this value was superior to 30 µl s -1 , no analytical signal was observed, probably because there was not sufficient time for colorimetric reaction development. Considering these results, the reagent flow rate was fixed at 10 µl s -1 .
It was verified that there was a compromise between dithizone concentration and the reagent selected volume. For high concentrations or high selected volumes of dithizone, the reagent leads to low analytical signals, because partial elution of the Hg-dithizone complexes from the resin occurs. On the other hand, if low volumes or low concentrations of the reagent were introduced in the flow system, the sensitivity became poor, because low reagent volumes led to a short interaction time interval between dithizone and the Hg(II) ions. In situations of low dithizone concentrations, the reagent amount was not sufficient to react with the Hg ions. When 0.0025% dithizone was used, a linear increase of the recorded absorbance was observed as a function of the sample injected volume (from 25 to 100 µl) (Fig. 5) . For higher reagent volumes (> 100 µl), the analytical signals decreased due to elution of the Hg-dithizone complexes. Similar results were obtained when the dithizone solution was 0.0050% (m/v).
However, the maximum absorbance signal was obtained for 50 µl of the reagent solution. When the reagent concentration solution was fixed at 0.0100% (m/v), a selected volume of 50 µl of the reagent solution gave a higher possible signal, but the measured absorbance was lower than those obtained for more diluted reagent solutions. Considering the above observations, 50 µl of the dithizone at 0.0050% (m/v) was injected in the flow system. It was verified that the presence of NH3 in the dithizone reagent could improve the analytical signal. For concentrations of NH3 from 0.625 to 2.5% (m/v), the analytical signal was improved, while at higher NH3 concentrations a slight decrease in the recorded signal was observed (Fig. 6) . In this way, the NH3 concentration was fixed at 2.5% (m/v).
The resin suspension volume was selected considering the ideal ion capacity for the selected analytical range, the removal resin facility, and the reproducibility in the amount of selected beads. When the selected resin suspension volume was lower than 20 µl, the reproducibility was lost, because the amount of the selected beads was not a representative sample of the original suspension and, for volumes higher than 50 µl, a high light absorption by the beads occurred, which limited the applicability of the method (Fig. 7) . In this way, a 40 µl resin suspension volume was selected (corresponds to 1.0 mg of beads), giving an exchange system capacity of 60 µg of Hg(II) or 60 ml of a 1 mg l -1 Hg(II) solution, which is sufficient for mercury determination in water samples.
The selected sample volume was fixed at 1000 µl in order to attain a linear analytical curve between 2.5 to 30 µg l passing 50 µl of a 0.014 mol l -1 HNO3 solution through the resin mini-column just before reagent injection.
Remarkably stability and robustness were observed when the proposed system was applied to mercury determination in water samples. The sequential injection procedure yielded precise results (r.s.d. ≤ 9.4% for processed samples). A baseline drift was not observed during long operating periods.
The proposed sequential injection system was able to run about 20 measurements per hour, consuming only 1.25 µg dithizone and 1.0 mg Chelex 100 resin per measurement. The analytical range was between 2.5 and 30 µg l -1 mercury ions, and could be changed increasing or decreasing the selected sample volume. Recovery tests within 91.2 and 109% were obtained for the river water samples (Table 2 ). For the aboveselected conditions, the detection limit was estimated to be 0.9 µg l -1 , which can be varied by changing the sample injected volumes. 
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